Objective: To quantify polyneuropathy impairments and comorbidities utilizing the Rochester Epidemiology Project (2010 census 5 148,201).
Underrecognition of common contributors to poor health and physical impairments poses an obstacle to establishing best health care policies. 1 Previous studies assessing polyneuropathy prevalence [2] [3] [4] [5] [6] [7] [8] [9] [10] or disease burden [11] [12] [13] [14] [15] have focused on specific polyneuropathy subtypes or used small cohorts with limited demographics. From those studies, certain polyneuropathies have been suggested to have substantial disease burden from physical impairments 16, 17 or even mortality. 18, 19 However, mortality and disease burden quantification of polyneuropathies irrespective of etiology through a large population-based study has not been performed.
Because diabetes 9,10 and other vascular risk factors are common in patients with polyneuropathy, associated impairments could be related to nonneuromuscular sources (i.e., peripheral vascular, cardiovascular, and cerebrovascular disease). It is therefore important to assess whether polyneuropathy is independently a risk factor for impairment and mortality beyond its comorbidities. Such quantification is warranted as world populations are shifting into older and heavier populations with greater diabetes prevalence. 20, 21 The Rochester Epidemiology Project (REP) is an NIH-funded resource that comprehensively links the medical records of 95% of Olmsted County, MN, residents, irrespective of their health care provider. 22, 23 It has been used extensively in many important population-based epidemiologic disease studies including several specific peripheral nerve diseases 10, [24] [25] [26] [27] [28] and has been shown to be representative of US populations. 22 In the present study, we estimated the prevalence of disease burden and mortality for all polyneuropathy cases in Olmsted County, MN. Disease burden was measured using death and multiple markers of impairment while adjusting for Charlson Index comorbidities 29 compared with age-and sex-matched controls.
METHODS Health care visit dates are linked to addresses within the REP database, and this information has been used to define who resided in Olmsted County (REP Census) at any given point in time since 1966. 22, 23, 30 The population counts obtained by the REP Census exceed those obtained by the US Census, indicating that virtually the entire population of the county is captured by the system. 23, 30 We used the REP Census to identify all individuals who resided in Olmsted County from January 1, 2006, through December 31, 2010 (the "study period").
ICD-9-CM administrative codes 31 that most clearly represented polyneuropathy (table e-1 on the Neurology ® Web site at Neurology.org) were used to screen the study population for prevalent cases. These codes were assigned by providers or professional coders. Others have used a similar method with slightly different lists of codes on 2 other populations. 8, 9 Up to 5 age-and sex-matched controls per case were identified from the REP population within the study period. Population point prevalence was calculated for December 31, 2010; however, all prevalent cases (even those that died before study's end) were included for disease burden analysis. To assess the effect of comorbid medical conditions on impairment markers, Charlson Comorbidity Index 29 was calculated for each patient. The effect of diabetes contribution to peripheral neuropathy comorbidities was also assessed.
To estimate the false-positive and -negative rates of ICD-9-CM ascertainment for polyneuropathy, electronic health records of 289 (10%) randomly selected polyneuropathy cases and 289 of our nonneuropathy controls were reviewed by the investigators for documentation supporting a diagnosis of distal symmetric polyneuropathy, as defined by the American Academy of Neurology. 32 Clinical documentation of symptoms, examination findings, and neurophysiologic test results were reviewed (table e-2). When coexisting polyneuropathy subset codes existed with idiopathic diagnosis, the more specific code was selected away from idiopathic. In the instance of 2 or more specific codes, chart review was utilized to place most accurate single coding. All cases were included in subsequent analyses of electronically extracted data.
Current procedural terminology (CPT) codes were used to identify which patients had the following neurophysiologic testing from 2000 to 2011: nerve conduction studies (CPT codes 95860-95864, 95870), EMG (CPT codes 95900, 95903, 95904, 95934, 95936), autonomic testing (CPT codes 95921-95923), and quantitative sensory testing (0106 T-0110T). Whether results of such testing supported a diagnosis of polyneuropathy was ascertained for the 10% of randomly selected prevalent cases whose charts were reviewed.
The REP was electronically queried for prescriptions for neuropathic pain medications prescribed to polyneuropathy cases and controls. Prescription of any dose of one of the queried medications for any length of time within the study period was considered positive use. The REP was also electronically queried for ICD-9-CM procedural or diagnostic codes for lower limb ulcers (707.1x), lower limb amputation (84.1x), excision and repair of bunion and other toe deformities (77.5x), and arthrodesis and arthroereisis of foot and ankle (81.1x) for all cases and controls. A single occurrence of one of these procedures or diagnoses within the study period was considered a presence of that complication.
Mayo Clinic patients are administered standardized questionnaires periodically at clinical encounters, which, among other things, ask about ability to perform activities of daily living (ADL), limb weakness, numbness, fall tendency, pain, stairclimbing difficulty, reliance on assistance from gait aid or others, employment status, and living environment. Answers from the most recent questionnaire within the study period were obtained via automated electronic retrieval for cases and controls. Each self-reported marker of impairment was assigned an equivalent modified Rankin Scale (mRS) 33 score; the highest equivalent mRS score for each patient was set as that patient's mRS score (table e-3).
All analyses were performed with JMP Pro 9.0.3 software (SAS Institute, Cary, NC). Prevalence estimates were calculated using the REP population census rather than the US Census estimates. The Wilcoxon rank sum test was used to compare Charlson Comorbidity Indices, mRS scores, and age at death between cases and controls with interquartile ranges (IQRs) calculated. Logistic regression models were used to estimate associations between polyneuropathy and surrogate markers of impairment with ORs and 95% confidence intervals (CIs). Multivariate models were used to adjust for potentially confounding effects of Charlson comorbidities. Effect of diabetes on each Charlson comorbidity was assessed for all polyneuropathy subtypes in consideration of its contribution to the comorbidity (table e-4). Accuracy of the type of polyneuropathy documentation and ICD-9 coding was reviewed among the 289 randomly selected cases (table e-5). Specific question to surrogate markers of impairment for idiopathic polyneuropathy and diabetic neuropathy were reviewed compared with matched controls (tables e-6 and e-7).
Death data were obtained beyond the case ascertainment period (through September 30, 2013) for all cases and controls. Survival analyses were performed to determine whether patients with newly diagnosed (incident) polyneuropathy had shorter survival times compared with patients without polyneuropathy. Incident polyneuropathy was defined as a polyneuropathy diagnosis between January 1, 2006, through December 31, 2010, without a previous polyneuropathy ICD-9-CM code between January 1, 1995, and December 31, 2005. Patients were right-censored on the date of their last documented day of Olmsted County residence or September 30, 2013, whichever was later. Kaplan-Meier survival curves were plotted for those with and without polyneuropathy. Cox proportional hazards regression was used to estimate hazards ratios for survival. Multivariate models were adjusted for potentially confounding effects of Charlson comorbidities.
Standard protocol approvals, registrations, and patient consents. The institutional review boards of both Mayo Clinic and Olmsted Medical Center approved the study. RESULTS There were 2,892 prevalent polyneuropathy cases in Olmsted County from 2006 to 2010, and on December 31, 2010, there were 2,455 patients alive with polyneuropathy, making the point prevalence 1.66% (table 1) . Polyneuropathy prevalence consistently increased with age and was more common in male patients. In patients 60 years and older, the point prevalence was markedly increased to 6.6%. To assess the accuracy of polyneuropathy diagnosis through administrative coding, we randomly selected 289 cases (10%) and carefully reviewed their clinical documentation. Among them, 270 (93.4%) had sufficient documentation to meet the diagnosis criteria (table e-2), whereas 19 cases (6.6%) either did not have sufficient documentation or had another diagnosis after testing (table e-2). The false-negative rate of case ascertainment by ICD-9 coding among the controls was 5.1%, but only 38% of the reviewed controls had a comprehensive neurologic examination in the study period (table e-2). Subtypes were assigned as per table 2. Approximately half (50.1%) of all polyneuropathy cases were coded as idiopathic, and diabetic polyneuropathy was the second most common subtype, accounting for 38.2% of all cases. Idiopathic polyneuropathy coding was the most frequently identified inaccurate classification based on subset chart review (19% inaccurate) with diabetic polyneuropathy identified to be most frequently missed (52%) among those patients (table e-5).
From 2000 through 2011, 1,421 polyneuropathy cases (49.1%) had nerve conduction and/or EMG studies, 166 (5.7%) had autonomic testing, and 75 (2.6%) had quantitative sensory testing. The review of 289 randomly selected polyneuropathy cases showed that 115 (39.8%) had nerve conduction studies, and in 94 (81.7%), polyneuropathy was confirmed.
All 17 medical comorbidities were more common in polyneuropathy cases than in controls (table 3) . The median Charlson Comorbidity Index was significantly greater for cases (6; IQR 3-10) than controls (3; IQR 1-6; p , 0.001). Chronic pulmonary disease was the most prevalent comorbidity in both cases and controls, but significantly more common in polyneuropathy. Diabetes with and without end-organ damage was the comorbidity with the largest prevalence difference between polyneuropathy cases and controls. Diabetes was present in 57.3% of polyneuropathy cases, but only 38.2% of polyneuropathy cases were coded as diabetic polyneuropathy. Peripheral vascular disease, myocardial infarct, renal disease, and congestive heart failure were notably overrepresented in polyneuropathy cases with diabetes (table e-4). However, not accountable by cooccurrence of diabetes, multiple comorbidities were also overrepresented in polyneuropathy, including pulmonary disease, dementia, metastatic solid tumor cancer, and others.
Morbidity data on analgesic usage and lower limb complications were available for 100% of cases and controls. Individuals with polyneuropathy were more likely to be prescribed pain medications even after adjusting for medical comorbidities (table 4) . Except for ankle fusions, all other lower limb complications had significant independent associations with polyneuropathy, even after adjustment for comorbidities. Data for ADLs and self-reported disabling symptoms were less available than analgesic usage and lower limb complications, but missing data were similar for each metric between cases and controls. Impairment in performing most ADLs (except for feeding oneself) was more likely in those with polyneuropathy than controls. Disabling symptoms, such as limb weakness, numbness, fall tendency, pain, stair intolerance, reliance on assistive devices or assistance from others, or work-disabled status, were all more likely to be reported by polyneuropathy cases than controls, independent of comorbidities. Those with polyneuropathy were also more likely to report living in a skilled nursing or assisted-living facility, but this effect was attenuated after adjusting for comorbidities. The median mRS score was higher for cases than controls (4 vs 1), which was statistically significant both before (OR per 1-point mRS increase 1.27, 95% CI 1.25-1.30) and after (OR 1.18, 95% CI 1.15-1.21) adjustment for comorbidities. Patients with idiopathic polyneuropathy had comparable impairments to the entire cohort for analgesic use, lower limb complications, and self-reported impairments, but with fewer significant difficulties of ADL (table e-6). Of interest, it is evident that increased risk of "lower limb amputation" and "work-disabled" is largely attributable to diabetic neuropathy (table e-7) . Median age at death was younger for prevalent cases (80 years; IQR 69-88; n 5 602) than controls (86 years; IQR 80-91; n 5 1,722; p , 0.001). By September 30, 2013, 307 (19.5%) of 1,574 incident polyneuropathy cases and 901 (11.8%) of 7,660 controls matched to incident polyneuropathy cases had died. Mean survival for incident polyneuropathy cases 11, 15 or are from a consanguineous population. 2 Our study screened all demographics of a large population with documented generalizability 22 uniformly for not only polyneuropathy, but also functional impairments corrected for associated comorbidities. Very few administratively coded polyneuropathy cases did not meet established criteria 32 of polyneuropathy, with 49.1% of all polyneuropathy cases in our population having had nerve conduction studies and/or needle EMG during the study period. Our estimate of polyneuropathy point prevalence (1.66%) is less than earlier studies. However, in persons older than 60 years of age, there was a dramatic increase in point prevalence to 6.6%, which is consistent with studies of older populations. 3, [5] [6] [7] 9 Some patients (5.1%) with polyneuropathy were missed in our diagnostic coding, most commonly having diabetic polyneuropathy. Therefore, the prevalence of polyneuropathy may be slightly higher, especially for asymptomatic forms. This is offset by 6.6% of patients coded as polyneuropathy who were underdocumented or believed to be inaccurately coded. Accuracy to the type of polyneuropathy was fairly high, i.e., 90% or higher for most forms apart from idiopathic at 81%. Most important, however, multiple quantified functional impairments are significantly more common in polyneuropathy cases than their ageand sex-matched controls even after adjusting for comorbidities, and these impairments translate to higher mortalities. These results clearly indicate that polyneuropathy disease burden will worsen as world populations are evolving to older demographics, 20 and greater attention should be directed to the care of polyneuropathy. Diabetic polyneuropathy was the most frequently coded specific diagnosis (38.2%). Review of the other polyneuropathy subtypes by administrative coding is informative. A majority of polyneuropathy cases (50.1%) carried idiopathic diagnoses and this was despite many having concomitant diabetes (57.3% of all polyneuropathy cases). This observation is emphasized by the relatively low occurrence of diabetes in our nonpolyneuropathy controls (22.3%). In fact, we realized many persons coded as idiopathic polyneuropathy had diabetic polyneuropathy, i.e., 52% of those miscoded (table e-5). Indeed, 485 of the 1,449 patients coded as idiopathic polyneuropathy also had diabetes, and 226 (46.8%) of those had end-organ damage. This finding supports the earlier contention that diabetes is the most commonly identified cause of polyneuropathy. 34 In addition, a previous study that used administrative coding for case ascertainment estimated that 66% of polyneuropathy cases in an elderly population are diagnosed as idiopathic and 47.8% of patients with polyneuropathy and concomitant diabetes are coded as idiopathic, supporting our finding that administrative coding artificially increases the proportion of idiopathic cases. 9 Predictively, among patients with diabetes and polyneuropathy, known comorbidities or end-organ disease of diabetes were more common (peripheral vascular disease, myocardial infarction, renal disease, and congestive heart failure). Diabetes, however, among patients with polyneuropathy did not account for the increased comorbidities in patients with polyneuropathy for pulmonary disease, dementia, and many other Charlson comorbidity indices. The average number of Charlson comorbidities in patients with polyneuropathy was 6 vs 3 in controls. These findings warrant a new area of investigation to study disease associations beyond diabetes. Investigation of the temporal onset development of comorbidities among this cohort's nondiabetic idiopathic polyneuropathy cases in relation to polyneuropathy symptoms could considerably improve the understanding of polyneuropathy pathophysiology and diagnosis. For example, chronic pulmonary disease was found to be 14.5% more common in cases compared with controls. Evaluating the association with smoking and other risks would be helpful in discovery of a shared pathogenesis. In addition, the association among obesity, sleep apnea, and chronic pulmonary disease in patients with polyneuropathy is also an interesting subject for future investigation. Nevertheless, the clear importance of identifying and treating diabetes in polyneuropathy is further emphasized by this study, especially as world populations are shifting to older and heavier weight demographics with increased prevalence of diabetes. 27 Our results not only further emphasized that polyneuropathy is disabling, [11] [12] [13] [14] [15] 35 but also provided new insights that polyneuropathy was independently associated with greater pain and prescription of analgesics, increased lower limb complication rates (including ulcers, 20.4%, and amputations, 4.1%), greater impairment of most ADLs, higher fall tendency, stair climbing difficulty, and reliance on assistive devices or assistance from others. The degrees of impairment associations were often striking with ORs frequently greater than 3.0 even after correction for the associated multiple Charlson comorbidities. This translated into major work impairment with a comorbidity-corrected OR of 4.2 and mRS score of 4 for cases (moderately disabled) vs 1 for controls (some impairment symptoms). There were only a few impairment markers not independently associated with polyneuropathy after adjusting for the 17 Charlson comorbidities. While the effect size of most other surrogate markers of impairment was reduced after adjustment for comorbidities, it is still statistically significant (table 4 ). In addition, this study showed that individuals with polyneuropathy had significantly shorter lives than controls by 6 years and the rate of death during the relatively short duration of follow-up was nearly doubled in cases compared with controls ( figure) . Although this effect on mortality was attenuated after adjusting for comorbidities, the results suggest that polyneuropathy may independently contribute to increased mortality, but longer prospective study is needed to define this better.
As an inherent limitation to all retrospective studies, asymptomatic cases not detected by the health care provider would not have been reported, but our approach would identify the majority of clinically relevant polyneuropathy cases. Accurate case ascertainment requires that providers or medical coders assign appropriate administrative codes. Through a random review of 10% of the entire polyneuropathy cases and an equal number of controls, we found a very good agreement with administratively coded polyneuropathy diagnosis. In addition, we recognize that comorbidities not included in the Charlson index could have confounded the analysis. However, given the comprehensive list of comorbidities and impairments associated with morbidity and mortality we included in this study, that likelihood is very low. Further validation of the extent of morbidity and mortality will continue to be of major interest, and will need confirmation in additional US and world populations.
This population-based study shows that polyneuropathies are associated with multiple impairments beyond their associated comorbidities, and it is likely overlooked as a major disabling medical condition. Our results demonstrate that patients with polyneuropathy are often work-disabled, lose independence, have pain requiring multiple medications, and die younger, emphasizing the significance of this problem. The likely underrecognition of diabetic cause provides a specific focus for additional research, as do the newly identified comorbidity associations. Greater public attention and resources are needed to address polyneuropathy as a major health issue.
